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Abstract 
This study examined the possible effects of aspiration and vowel context on labial and 
mandibular gestures during production of Cantonese bilabial plosives /p/ and /p
h
/. 
Thirty adult native Cantonese speakers were recruited in the study. Participants were 
asked to read aloud VCV sequences upon spoken examples presented in random 
fashion. Kinematic data describing the movements of upper and lower lips, and lower 
jaw were obtained using Electromagnetic Articulography (EMA). 
Results revealed a significant aspiration effect on the vertical velocities of lower lip 
and jaw movements, and such effect was consistent across all vowel contexts. 
However, results did not reveal any significant aspiration effect, except some effects 
for vowel context in the anteroposterior displacements and velocities during upper 
and lower lips movements. The findings appear to confirm the hypothesis of muscular 
force as the main driving force in facilitating the production of unaspirated bilabial 
plosive /p/. Yet, the mechanism governing the lip opening for aspirated cognate /p
h
/ 
may require further examination. 
Keywords: lip kinematics, jaw kinematics, electromagnetic articulography, 
Cantonese bilabial plosives 
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Production of plosives generally involves three steps: (1) forming a closure in 
the vocal tract, (2) building up pressure in the oral cavity behind the closure, and (3) 
releasing the oral closure (Raphael, Borden, & Harris, 2007; Stevens, 1993). In 
Cantonese phonology, there are two bilabial plosives (/p/ and /p
h
/). As outlined by 
Inoue, Ono, Honda, and Kurabayashi (2007), in order to produce a bilabial plosive, 
the upper and lower lips are first brought into contact by the activity of the orbicularis 
oris and other facial muscles, and at the same time the velum is raised to achieve a 
complete velopharyngeal closure. With the sealed velopharyngeal port, the 
supra-atmospheric pulmonary pressure helps develop a positive intraoral pressure in 
the oral cavity. Finally, the lip seal is abruptly opened, rapidly releasing the 
pressurized air in a turbulent burst.  
Although the two Cantonese bilabial plosives /p/ and /p
h
/ are of the same place 
of articulation, they differ in aspiration: /p/ is classified as unaspirated and /p
h
/ as 
aspirated. Aspiration is usually defined as “whether or not the burst of air is emitted 
immediately after oral release in the process of articulation” (Matthews & Yip, 2003, 
pp.13-14). This classification of Cantonese plosives based on aspiration is in contrast 
with English phonology, in which plosives are phonemically classified according to 
voicing (Deterding & Nolan, 2007). For example, in English, /p, t, k/ are voiceless 
plosives, and /b, d, g/ are their voiced cognates respectively. 
The influence of voicing on articulatory movements in plosive production has 
been studied for many years. The velocity of oral closing for bilabial stops has been 
reported to be higher for voiceless /p/ than for voiced /b/ (Löfqvist & Gracco, 1997). 
Sussman, MacNeilage, and Hanson (1973) reported a greater jaw closing velocity for 
the voiceless stop, but a greater lower lip closing velocity for the voiced cognate. 
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Sussman et al. (1973) also showed that the closing velocity of the upper lip was 
greater for /p/ than for /b/. However, Gracco (1994) reported no consistent difference 
in lip and jaw closing for voiced and voiceless bilabial stops. The results of these 
studies regarding oral articulatory kinematics for stops suggested that the influence of 
stop consonant voicing on articulatory movements is inconsistent. Differences in 
velocity between voiced and voiceless consonants have been found in the articulators, 
namely the upper lip, lower lip and jaw, involved in the formation of the lip closure 
and opening in the production of bilabial plosives. 
In a kinematic study of English bilabial plosives produced by using whispered 
phonation as reported by Higashikawa, Green, Moore, and Minifie (2003), a 
significant difference in lip movements between whispered /b/ and /p/ was found. The 
maximum distance between the lips for oral opening, as well as mean peak opening 
and closing velocities were significantly greater for /b/ than for /p/ during whisper. 
This provided an insight about a possible aspiration effect on articulatory kinematics 
in Cantonese bilabial plosive production. 
Previous studies had also shown that jaw movements could be influenced by the 
subsequent vowel (Löfqvist & Gracco, 1997). Lower jaw is usually higher when the 
bilabial stops precede a high vowel (e.g., /i, u/) than a low vowel (e.g., /a/) (Oshima & 
Gracco, 1992). In view of interarticulator programming in bilabial stop production 
(Löfqvist, 1980), the upper and lower lips, and lower jaw can be considered as a 
coordinated system, in which the activity of an articulator is dependent upon the 
activity of the others, especially in the control of the vertical lip opening and 
occlusion. Given that jaw position at the closure for a bilabial stop varies with the 
vowel context, upper and lower lips may show concomitant variations in accordance 
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to changes in jaw position. Therefore, the present study also investigated the possible 
effect of vowel context on lip and jaw kinematics for bilabial stops. 
Electromagnetic Articulography (EMA) 
Traditionally, kinematic data on speech production have been limited, mainly 
due to the fact that the articulators lie deep inside the oral mechanism, and thus are 
not easily accessible. Besides, there were only a few technologies available, such as 
x-ray, cineradiography and ultrasonographic imaging. The use of these technologies, 
however, has been limited by their methodological disadvantages including the issues 
of invasiveness and possible biohazards, as well as the relatively slow frame rate 
(Kaburagi & Honda, 2002). 
Electromagnetic articulography (EMA) was introduced in the late 1980s to 
overcome the limitations mentioned above, and since then it has rapidly become a 
major technology for the study of dynamic and complex lingual and labial articulatory 
behaviors during speech production (Yunusova, Green, & Mefferd, 2009). As a 
biologically safe and non-invasive device capable of capturing and visualizing 
real-time three-dimensional articulatory gestures without interfering speech 
movements (Schönle et al., 1987), EMA has been widely used in research. For 
example, EMA has been used to investigate the speech characteristics in different 
speech pathologies including Parkinson‟s Disease (Ackermann, Gröne, Hoch, & 
Schönle, 1993), dysarthria following traumatic brain injury (Kuruvilla, Murdoch, & 
Goozee, 2007), and to study acoustic-to-articulatory inversion (Toda, Black & Tokuda, 
2004). EMA technology has also been applied for clinical purposes, such as to serve 
as a biofeedback in articulation treatment (Katz, Bharadwaj & Carstens, 1999). 
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Purpose of the Study 
Most kinematic studies on labial plosive production to date focused only on the 
English labial plosives, which are classified by voicing. There is a paucity of 
information regarding labial kinematics for plosive production in Cantonese, in which 
plosives are classified by aspiration. Seeing the marked difference in Cantonese 
plosive classification, this study sought to establish the labial and mandibular 
movements in Cantonese bilabial plosive production. Particularly, this study aimed at 
examining the differences in lip and jaw kinematics during production of Cantonese 
aspirated and unaspirated plosives. 
A recent kinematic study investigating lip movements in Cantonese bilabial 
plosive production found that aspirated Cantonese bilabial plosive /p
h
/ was associated 
with a lower lip opening velocity than its unaspirated counterpart /p/, although a 
higher intraoral pressure was involved in the production of the former (Tong & Ng, 
2011). It was speculated that two different mechanisms, the aerodynamic force and 
muscular force, might have contributed with different extents to the production of 
aspirated and unaspirated plosives. Tong and Ng (2011) suggested that aspirated 
Cantonese bilabial plosive /p
h
/ might be facilitated mainly by aerodynamic force as it 
is associated with a higher intraoral pressure in its production, and unaspirated /p/ 
might be facilitated mainly by muscular force as it was associated with a greater lip 
opening velocity. However, only three participants were included in the study. The 
small number of subjects inevitably reduced the generalizability of their findings, and 
thus the external validity of the study. As such, the present study sought to further 
investigate the articulatory kinematics of Cantonese bilabial plosives with a larger 
number of participants. 
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Specifically, the present study aimed to answer the following research questions: 
(a) Does aspiration have an effect on the lip and jaw kinematics for Cantonese 
bilabial plosives? 
(b) Does vowel context have an effect on the lip and jaw kinematics for Cantonese 
bilabial plosives? 
Following the conjecture by Tong and Ng (2011), it was hypothesized that the 
upper and lower lips should show greater anterior displacements and velocities of 
movement during the production of the aspirated plosive /p
h
/, while the lower lip and 
jaw should show greater vertical displacements and velocities of movement during the 
production of the unaspirated plosive /p/. The differences in lip and jaw movements 
between the aspirated and unaspirated stops were expected to be observed 
consistently across all vowel contexts under study. 
Method 
Participants 
Thirty adults (15 males and 15 females) were recruited for this study. The 
participants were between 19 and 25 years of age (mean age = 21.93 years). All of 
them were native speakers of Cantonese with no reported history of speech, language 
or hearing problems, oro-maxillo-facial surgery, and/or developmental or neurological 
disorders. Individuals with pacemaker, claustrophobia and/or with electromagnetic 
hypersensitivity were excluded from the study due to contraindications to the EMA 
device. Informed consent was obtained from the participants. The study was approved 
by the Research Ethics Committee, Faculty of Education, the University of Hong 
Kong. 
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Speech Material 
The speech material consisted of V1CV2 sequences, where the first vowel (V1) 
was /a/, the consonant (C) one of /p
h
, p/, and the second vowel (V2) one of /a, i, u/. 
The six possible combinations were: /ap
h
a/, /apa/, /ap
h
i/, /api/, /ap
h
u / and /apu/, and 
they were all produced at Tone 1 (high level tone). The tone of the syllables was 
controlled in order to avoid possible interaction between lexical tones and articulatory 
gestures (Erickson, Iwata, Endo, & Fujino, 2004). The vowels /a, i, u/ were selected to 
examine the effect of vowel context as they represented the extreme positions in 
vowel quadrilateral (Ogden, 2009). Demonstrations were given to the participants and 
practice was allowed until the participants could produce the speech material 
accurately as judged by the investigator. 
Instrumentation 
A three-dimensional electromagnetic articulography (EMA) (AG-500, Carstens 
Medizineletronik GmBH, Germany) was used to track lip and jaw movements during 
the production of the speech material. The EMA system consisted of three pairs of 
transmitter coils housed in a cubic plastic frame. When switched on, the transmitter 
coils generated an alternating magnetic field of frequency from 7.5 kHz to 13.75 kHz 
which induced alternating signals in the miniature receiver coils (2 x 2 x 3 mm) 
affixed to the participant‟s articulators upon movements. The system then used the 
magnitude of the induced signals to track the real-time movements of the receiver 
coils in different coordinate planes with a sampling frequency of 200 Hz, and hence 
the movements of articulators (Schönle et al., 1987). 
In the experiment, three receiver coils were affixed to the upper lip, lower lip, 
and lower jaw of the participants along the mid-sagittal plane using a biological safe 
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adhesive. The lip receivers were placed below and above the vermilion border of the 
upper and lower lip respectively. The jaw receiver was placed on the mental 
protuberance. Three additional receiver coils were affixed to the bridge of nose and 
the mastoid process of the left and right temporal bones as fixed reference points to 
correct for any head movement during the experiment. 
Data Collection and Procedures 
Warming up and calibration of the EMA system, as well as preparation and 
attachment of the receiver sensors were carried out strictly according to the 
procedures described in the EMA AG-500 system operating manual. Before the 
recording began, the participants were given at least 15 minutes to accustom 
themselves to the recording environment and speaking with the receiver coils attached 
by engaging in a casual conversation with the investigator and practicing the speech 
material. Recording then began when the participants were able to produce the speech 
sounds naturally and accurately as judged by the investigator. During the experiment, 
participants were seated in the centre of the EMA cube with the receiver coils securely 
attached to the designated positions. The participants were then instructed to read 
aloud the VCV sequences at a comfortable loudness level and speech rate as in 
normal conversational manner upon the spoken examples provided by the investigator. 
Ten productions of each sequence were obtained. The order at which the 60 targets 
(six VCV sequences x ten productions) were produced was randomized to eliminate 
any possible order effect. Acoustic data were collected simultaneously with a 
microphone (SM58, Shure) for reference. The entire recording session lasted for 
about 45 minutes for each participant. 
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Data Analyses 
As the raw data recorded during a session by using the EMA system 
represented the amplitudes of sensor (articulator) movements, the data obtained were 
first been processed by using an EMA software program CalcPos to calculate the 
actual positions. Next, the data were repositioned to correct for any head movement 
during the experiment with another software NormPos. The articulatory movement 
data were then converted from binary to text format for final kinematic data analysis. 
Kinematic Analysis 
Kinematic tracings of the upper lip, lower lip and jaw were analyzed to examine 
the spatial and temporal features of labial and mandibular movements in the 
production of Cantonese bilabial plosives under different conditions (aspiration 
contrast and vowel contexts). Analyses were focused on the opening phase of the stop 
consonant production. 
Receiver positions at movement onset and offset of the burst release phase in 
bilabial plosive production were identified to obtain the amplitudes (in mm) and 
durations (in second) of the upper lip, lower lip and jaw movements for each VCV 
sequence to investigate the spatial aspect of articulator movements. Mean velocities 
(mm/s) were then computed from the amplitudes and durations to investigate the 
temporal aspects of articulator movements. “Mean velocity” was defined as the 
average rate at which the articulators attain the extreme positions in the burst phase of 
bilabial plosive production.  
Movement data of the upper and lower lips in y-axis (transverse) were analyzed 
to examine the articulatory movements in anteroposterior dimension to justify 
aerodynamic force, and data of the lower lip and jaw in z-axis (sagittal) were analyzed 
 
LIP AND JAW KINEMATICS FOR CANTONESE BILABIAL STOPS                       11 
to examine the articulatory movements in the vertical dimension to justify muscular 
force. 
Statistical Analysis 
For each parameter, mean values were calculated by averaging the ten 
productions of each VCV sequence from each participant. Analysis of variance 
(ANOVA) with stop consonant aspiration (aspirated, unaspirated) and identity of 
second vowel in the sequence (/a, i, u/) as the main factors were used for statistical 
analysis with the averages. A p value of ≤ .05 was adopted as significant. Data from 
each gender were analyzed as a whole, since gender difference in the production of 
Cantonese bilabial plosives was not a focus of the present study. 
Results 
A series of two-way repeated measures ANOVAs (aspiration x vowel context) 
were performed separately on each kinematic parameter. There was no significant 
interaction of aspiration and vowel context for all kinematic parameters measured (all 
ps > .05). 
Jaw Movements 
The vertical displacement and velocity of the jaw during burst release phase of 
bilabial plosive production showed systematic effects of aspiration and vowel context. 
Vertical displacements of the jaw during burst release phase were shown in 
Figure 1. There were significant main effects for aspiration [F(1,28) = 7.18, p < .05, 
η2 = .20], with the unaspirated plosive (M = 8.06 mm, SD = 0.48) showing a greater 
lowering displacement than the aspirated cognate (M = 7.44 mm, SD = 0.47), and for 
second vowel [F(2,56) = 5.04, p < .05, η2 = .15], with a lower jaw position when the 
second vowel was /a/ than /i/ and /u/. 
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Figure 1. Jaw vertical displacements of the bilabial plosives in different vowel 
contexts 
As was the case for jaw displacement, there were significant main effects for 
aspiration [F(1,28) = 4.31, p < .05, η2 = .13] and second vowel identity [F(2,56) = 
13.28, p < .001, η2 = .32] on the jaw lowering velocity (as shown in Figure 2). The 
average velocity was consistently higher for the unaspirated bilabial plosive /p/ (M = 
47.58 mm/s, SD = 2.44) than the aspirated cognate /p
h
/ (M = 44.95 mm/s, SD = 2.40) 
across different vowel contexts. Pairwise comparisons adjusted by the Bonferroni 
method showed that the velocity of jaw movement was significantly higher for the 
vowel /a/ (M = 53.00 mm/s, SD = 2.69) than for the other two vowels /i/ (M = 42.71 
mm/s, SD = 2.86, p < .001) and /u/ (M = 43.07 mm/s, SD = 2.47, p < .001). There was 
no statistically significant difference between the jaw velocity when the second vowel 
was /i/ or /u/ (p = 1.00 > .05). 
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Figure 2. Jaw opening velocities of the bilabial plosives in different vowel contexts 
Lower Lip Movements 
The vertical movement of the lower lip receiver consisted of both the jaw and 
lower lip components. Since the lower lip measurements also contained the 
contribution from the jaw, there were some similarities between the results for the jaw 
and lower lip movements. Figure 3 depicted the lower lip vertical displacements 
during release phase of bilabial plosive production. As might be expected from the 
jaw data, the lower lip vertical opening was reliably influenced by aspiration [F(1,28) 
= 4.38, p < .05, η2 = .14] with /p/ (M = 10.52 mm, SD = 0.89) showing a greater 
vertical displacement than /p
h
/ (M = 8.96 mm, SD = 0.54). 
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Figure 3. Lower lip vertical openings of the bilabial plosives in different vowel 
contexts 
However, there was a clear difference between the lower lip and jaw data that 
there was no significant main effect for vowel context observed in lower lip vertical 
displacement [F(2,56) = 2.11, p = .13]. In addition, the vertical opening velocity of 
the lower lip during burst release phase was influenced by the second vowel [F(2,56) 
= 13.22, p < .001, η2 = .32] with a greater lip opening velocity when the upcoming 
vowel was /a/, but not aspiration [F(1,28) = 3.13, p = .09]. Such finding was in 
contrast to jaw lowering velocity, which was shown to be under main effects for both 
consonant aspiration and second vowel. 
Upon closer examination of absolute lower lip movement by removing the jaw 
component from the lower lip data, it was found that the vertical displacement and 
velocity of the lower lip during lip opening were not systematically affected by either 
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aspiration or vowel (all ps > .2). 
The present results (as summarized in Table 1) did not show any consistent 
influence of aspiration or the second vowel on the anteroposterior displacement of the 
lower lip. However, there was a main effect for vowel on the anteroposterior velocity 
[F(2,56) = 7.36, p = .001, η2 = .21] with a higher velocity of the lower lip noted during 
burst release phase of bilabial stops for the vowel /a/ (M = 45.22 mm/s, SD = 3.24) 
than /i/ (M = 36.15 mm/s, SD = 3.00, p < .05) and /u/ (M = 35.36 mm/s, SD = 2.38,  
p < .05), but no statistically significant difference was found between /i/ and /u/  
(p =1.00 > .05). 
Table 1. 
Summary of Anteroposterior Displacements and Velocities of the Lower Lip During 
Burst Release Phase in Different CVC Sequences 
Stimuli 
Displacement (mm)  Velocity (mm/s) 
M SD  M SD 
/apa/ 7.15 2.49  43.78 19.16 
/api/ 6.18 2.94  36.63 17.80 
/apu/ 7.12 2.63  37.86 16.59 
/ap
h
a/ 7.24 2.86  46.65 19.71 
/ap
h
i/ 5.93 2.45  35.68 17.70 
/ap
h
u/ 6.19 3.48  32.86 16.75 
Upper Lip Movements 
Anteroposterior displacements and velocities of the upper lip during burst 
release phase in different CVC sequences were shown in Table 2. For displacement, 
there was a significant main effect for vowel context [F(2,56) = 8.35, p = .001,  
η2 = .23]. Pairwise comparisons adjusted by the Bonferroni method revealed that the 
upper lip had a greater lip protrusion when the bilabial stop consonants were followed 
by the vowel /u/ (M = 3.42 mm, SD = 0.40) than /a/ (M = 2.53 mm, SD = 0.20,  
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p < .05) and /i/ (M = 2.42 mm, SD = 0.22, p < .05). There was no statistically 
significant difference in upper lip movements when the bilabial stop consonants were 
followed by /a/ and /i/ (p = .818). Effect for aspiration [F(1,28) = 1.70, p = .20] was 
insignificant. There was no statistical difference in the anteroposterior movement 
velocity of the upper lip during burst release phase in the production of aspirated and 
unaspirated bilabial plosives. 
Table 2.  
Summary of Anteroposterior Displacements and Velocities of the Upper Lip During 
Burst Release Phase in Different CVC Sequences 
Stimuli 
Displacement (mm)  Velocity (mm/s) 
M SD  M SD 
/apa/ 2.49 1.20  20.22 10.37 
/api/ 2.29 1.10  18.17 11.23 
/apu/ 3.31 1.81  19.11 9.61 
/ap
h
a/ 2.57 1.23  19.40 10.17 
/ap
h
i/ 2.54 1.38  19.77 14.13 
/ap
h
u/ 3.53 2.85  18.35 10.17 
Discussion 
The present study set out to achieve two objectives: to investigate the effect of 
(a) aspiration and (b) vowel context on the lip and jaw kinematics during the 
production of Cantonese bilabial plosives. 
Aspiration 
The present data showed that vertical displacement and velocity of the jaw were 
significantly greater for the unaspirated plosive /p/ than the aspirated counterpart /p
h
/. 
This finding is consistent with the observations reported by Tong and Ng (2011), in 
which /p/ was associated with a greater lip opening velocity, as well as Higashikawa 
et al. (2003) in which a higher peak oral opening velocity and maximum lip 
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separation were found for /b/ than /p/ in whispered speech. The lack of significant 
interaction between aspiration and vowel context with respect to the articulatory 
parameters may imply that aspiration effect on jaw movements was consistent across 
different vowel contexts. The effect for aspiration was also significant for lower lip 
vertical opening displacement. However, after removing the jaw component from the 
lower lip movements, neither lower lip displacement nor velocity was significantly 
affected by aspiration contrast.  
Given these findings, it is plausible that the production of unaspirated 
Cantonese bilabial plosive /p/ is mainly facilitated by muscular force of the jaw. In the 
burst release phase of bilabial stop production, jaw-opening muscles such as 
digastricus (especially the anterior belly) and lateral pterygoid muscles contract to 
lower the jaw and thereby separating the lips (Koolstra & van Eijden, 1997). It had 
been documented that these fast-acting mandibular muscles specially serve to move 
the lower jaw (Zemlin, 1998). A greater jaw opening displacement and velocity 
implied that there is a stronger muscular force underlying the lip/jaw opening 
movements. 
However, the present study did not reveal any statistically significant difference 
between the pair of Cantonese bilabial plosives in terms of the anteroposterior 
displacements and velocities of the upper and lower lips. As reported in many 
previous studies, the production of voiceless English bilabial plosive /p/ was 
associated with a higher intraoral pressure and peak airflow than its voiced cognate /b/ 
(e.g., Butcher, 1992; Weismer & Longstreth, 1980). During the closure phase in 
bilabial stop production, a positive intraoral pressure is established, and later, lip 
closure is being blown open by the high intraoral pressure. It was hypothesized that 
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the upper and lower lips should show greater anterior displacements and velocities of 
movement if the lip opening in the production of aspirated bilabial plosive /p
h
/ is 
governed by aerodynamic force. 
Since the current articulatory data failed to show such pattern, it follows that the 
hypothesis of aerodynamic force for the production of /p
h
/ could not be confirmed. 
One possible reason for the absence of significant difference may be due to the lack of 
sensitivity in the measurements of upper and lower lips anteroposterior displacements 
and velocities. Another possible reason may be related to a more dominating role by 
the upcoming vowel rather than aspiration contrast in dictating the front-back 
displacement and velocity of the lips. Perhaps some aerodynamic measures could be 
included in future studies to further investigate the hypothesis regarding aerodynamic 
force in explaining aspiration effect on articulatory gestures of bilabial plosives. 
Examples of aerodynamic measures may include the amount of airflow, intraoral 
pressure, and labial contact force during the course of Cantonese bilabial plosive 
production. 
The present study only focused on the lip and jaw opening kinematics in 
Cantonese bilabial plosive production. Gracco (1994) proposed that movement 
velocities varied as a consequence of timing requirements for different consonant 
productions. As in the case of bilabial plosives, English /p/ was found to have a 
greater lip closing velocity, but a lower lip opening velocity than /b/. The lower lip 
opening velocity of /p/ was accounted for by the extra time needed in formulating an 
appropriate voice onset time for voicing contrast in the production of English plosives. 
Therefore, it is recommended that a more detailed study on aspiration effect on 
articulatory gestures in Cantonese bilabial stops to cover lip closing kinematics. 
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Closing velocity of different articulators and the duration of lip closure could be some 
of the measures to be investigated in the future. 
Inoue-Aria et al. (2009) suggested an existence of a coupling of movement 
between articulators during plosive production, in which multiple articulators work as 
a coordinated system and their spatiotemporal activity depend upon on one another. 
Although the lips are the chief articulators in bilabial plosive production, it was 
reported that the tongue is also involved in the articulation of bilabial plosives 
(Vazquez-Alvarez & Hewlett, 2007; Svirsky et al., 1997). Inoue-Aria et al. (2009) 
demonstrated in their study that velum movement was significantly correlated with 
that of the lips and the anterior part of the tongue in bilabial plosive production. 
According to Raphael et al. (2007), the anterior part of the tongue rapidly changes its 
shape and alters the acoustic characteristics of the sound signals in the anterior region 
of the oral cavity as one articulates bilabial stop consonants. Thus, including anterior 
tongue as one of the target articulators in future kinematic studies of bilabial plosive 
production appears to be worth studying. 
Vowel context 
The data in the present study revealed that jaw displacement and velocity, as 
well as lower lip vertical opening velocity were under a significant influence of 
aspiration, with greater displacements and velocities noted when the medial consonant 
preceded the vowel /a/ than /i/ and /u/. This is consistent with many reports in the 
literature that the jaw position of /a/ is lower than the other two vowels (e.g., Lim, Lin, 
& Bones, 2006; Keating, 1990) 
It was also found that there was a significantly greater anterior movement of the 
upper lip if the second vowel was /u/. This finding is not surprising as /u/ is a rounded 
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vowel and involves prominent lip protrusion, while /a/ and /i/ are spread lip vowels 
(Brunner, Hoole & Perrier, 2008). The upper lip moves more quickly in preparation 
for the /u/ production. In studying the articulatory movements in VCV sequences 
containing the vowels /a, i, u/ and the different stop consonants, Gay (1977) reported 
evident anticipatory movements towards the second vowel during the closure period 
of the intervocalic consonant. Hence, the effect of vowel context on the lip and jaw 
articulatory parameters noted in this study appears to be the coarticulation effects 
reported by Gay.  
Another finding revealed from the present study on the effect of vowel context 
was that there was a greater lower lip velocity in the anteroposterior direction when 
the second vowel was /a/. A possible reason for this may be that the lower lip was 
moving backward and downward simultaneously during the burst release phase to 
prepare for the articulation of upcoming vowel /a/. 
Limitations 
Non-word Familiarity. The speech material in this study consisted of six CVC 
sequences: /ap
h
a/, /apa/, /ap
h
i/, /api/, /ap
h
u / and /apu/. They were all non-words in 
Cantonese. Although a practice session of at least 15 minutes was given to each 
participant to accustom themselves to speaking with the receiver sensors and 
practicing the speech material, articulation of the bilabial plosives in non-words 
context was not as natural as in normal speech. This may have reduced the accuracy 
of the kinematic measurements in the present study. To improve on the experimental 
design, pairs of real words with the Cantonese bilabial plosives in different vowel 
contexts could be used in future investigation. 
Individual Variability. A majority of kinematic study using EMA to date 
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consisted of only a small pool of subjects, usually fewer than ten. In spite of a larger 
number of participants (30) recruited for the present study, there was essential 
kinematic variability within and among speakers. In addition, though some of the 
effects for aspiration were proved to be significant, the effect sizes were generally 
very low, indicating the effects only accounted for a small proportion of the variance. 
Qualitative analysis on the kinematic data may guarantee a more reliable and 
representative result. 
Conclusion 
In conclusion, the present results are in general agreement with some previous 
studies that there was a significant effect of aspiration on lip and jaw kinematics, 
which the displacement and velocity of jaw lowering were significantly greater for the 
unaspirated Cantonese bilabial plosive /p/ than aspirated /p
h
/, and this effect was 
observed consistently across different vowel contexts. As might be expected, the 
nature of second vowel in VCV sequences also had a significant influence on the 
vertical opening movements for the lower lip and jaw, as well as some aspects of the 
anteroposterior movements of the upper and lower lips.  
The findings appear to support the hypothesis of muscular force as the main 
driving force in producing unaspirated /p/. However, the other hypothesis of 
aerodynamic force as the main driving force in producing aspirated /p
h
/ still remains 
in speculation. Future investigations with the addition of aerodynamic and further 
kinematic measures will provide more insight on the differences in articulatory 
gestures in unaspirated and aspirated Cantonese bilabial plosive production, and shed 
light on possible articulatory pattern differences in producing pairs of plosives in 
different places of articulation. 
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Appendix A 
 
Consent Form 
 
A Kinematic Study on the Labial and Mandibular Movements in  
Production of Cantonese Bilabial Plosives 
 
Investigator: Ms. Liane Lai Tsz Ying 
Program of Study: Bachelor of Science in Speech and Hearing Sciences 
Supervisor: Dr. Lawrence Ng 
 
You are invited to participate in a research study conducted by Dr. Lawrence Ng/ Ms. 
Liane Lai Tsz Ying from the Department of Speech and Hearing Sciences at the 
University of Hong Kong. 
 
PURPOSE OF THE STUDY 
The study aims to investigate the possible differences in labial and mandibular 
movements in the production of aspirated and unaspirated Cantonese bilabial plosives 
by using 3-dimensional Electromagnetic Articulography (EMA) (AG500, Carstens 
Medizinelektronik). 
 
PROCEDURES 
You will be invited to sit inside an EMA cube and read out a list of words in 
Cantonese in an EMA cube. Your lips and jaw movements will be tracked by EMA, 
and your speech will be recorded by a microphone simultaneously. Before and during 
the study, a total of six small electromagnetic coils will be attached on your upper lip, 
lower lip, lower jaw, the bridge of nose, and the mastoid process of each side of the 
temporal bones using biologically safe adhesive. All the experimental procedures will 
be done in the Speech Science Laboratory, 5/F Prince Philip Dental Hospital. The 
whole recording session will take you about 20 to 30 minutes. 
 
POTENTIAL RISKS / DISCOMFORTS AND THEIR MINIMIZATION 
During the experiment, the transmitter coils in the EMA device will generate 
alternating electromagnetic field which is biologically harmless and endurable to 
normal healthy individuals. Please inform the investigator if you have hypersensitivity 
to electromagnetism, claustrophobia, and/or are fitted with a pacemaker. You may 
feel free to inquire the investigator for any doubts about the possible reactions to the 
exposure of electromagnetic field throughout the experimental procedures. In addition, 
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the affixation of sensor coils on your lips, jaw, and the face may cause a certain 
degree of discomforts which is no greater than what we experience in everyday life. 
 
POTENTIAL BENEFITS 
By participating in this experiment, you can learn more about the use of EMA. With 
the kinematic data collected in this study, labial and mandibular movements during 
the production of Cantonese bilabial plosives could be established, and such valuable 
information could in turn provide insight on treatment of articulatory disorders in the 
future. 
 
CONFIDENTIALITY 
All data obtained in the study will be kept under strict confidentiality and used for 
research purposes only. Kinematic and acoustic data of your speech production will 
be stored in a locked cabinet located in the Speech Science Laboratory for 2 years 
with all the personal particulars removed. Only my supervisor, Dr. Ng, and I will have 
access to the anonymous data. Viewing and/or deletion of parts or all of your data 
could be done upon your request.  
 
PARTICIPATION AND WITHDRAWAL 
Your participation is voluntary. This means that you can choose to stop at any time 
without negative consequences. 
 
QUESTIONS AND CONCERNS 
If you have any questions or concerns about the research, please feel free to contact 
Ms. Liane Lai (lianelty@hku.hk) or the supervisor of this study, Dr. Lawrence Ng 
(manwa@hku.hk). If you have questions about your rights as a research participant, 
contact the Human Research Ethics Committee for Non-Clinical Faculties, HKU 
(2241-5267). 
 
SIGNATURE 
I ______________ (Name of Participant) understand the procedures described above 
and agree to participate in this study. 
 
            
Signature of Participant                     Date 
 
Date of Preparation: 21
st
 November, 2013 
HRECNCF Approval Expiration date: 30
th
 April, 2014 
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Appendix B 
 
同意書 
 
運動學研究：廣東話雙唇音的嘴唇及顎運動 
 
研究員: 黎子瑛小姐 
所屬學系: 理學士(言語及聽覺科學) 
導師: 吳民華博士 
 
香港大學教育學院言語及聽覺科學部邀請您參與由吳民華博士／黎子瑛小姐主
理的研究調查。 
 
研究目的 
是次研究旨在利用三維電磁構音儀(Electromagnetic Articulograph, EMA) (AG500, 
Carstens Medizinelektronik)就廣東話雙唇音的嘴唇和顎運動作出調查。 
 
實驗程序 
您將需要坐在電磁構音儀內，然後以廣東話讀出所附列表上的文字。您的嘴唇及
顎運動將被電磁構音儀紀錄。您的朗讀過程同時亦會被錄音。在研究開始及進行
時，六個細小的電磁圈將會對以人體無害的膠粘劑分別粘貼在您的上下唇、下顎、
鼻樑及左右兩邊顳骨上。整個實驗過程將會在香港大學菲臘牙科醫院言語及聽覺
科學部的言語科學實驗室內進行，為時約二十至三十分鐘。 
 
潛在風險 
在實驗過程中，電磁構音儀將會釋放出無副作用和人體所能承受的電磁波。若您
對電磁波敏感、有幽閉恐懼症或安裝了心臟起搏器而未能坐在電磁構音儀內進行
實驗，請通知研究員。您亦可就實驗過程中電磁波可能所產生的反應向研究員提
出疑問。另外，電磁圈在粘貼在您的上下唇、顎及面部之後可能會有一定程度--
但絕不多於日常生活所體驗的不適。 
 
可能利益 
透過參與是次研究，您可以對電磁構音儀有更深入的認識。是次研究課題所得的
數據將能有助了解廣東話雙唇音的嘴唇及顎運動，並為將來語音治療提供寶貴的
資料。 
 
私隱 
所有是次研究中獲取的資料將會絕對保密及只供研究使用。您的語音運動表現及
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錄音記錄將會在刪走個人資料後儲存於言語科學實驗室內的上鎖貯物櫃裏兩年。
只有我的導師--吳博士和我將具用這些不記名的資料的存取權。您可以要求覽閱
和／或刪除您的全部或部分研究資料。 
 
參與及終止 
由於您的參與屬自願性質，故此你可以於研究的任何時間選擇終止而不會引致任
何不良後果。 
 
問題及查詢 
如您對是項研究有任何查詢，請與黎子瑛小姐(lianelty@hku.hk)或是次研究導師
吳民華博士(manwa@hku.hk)聯絡。如您想知道更多有關研究參與者的權益，請
聯絡香港大學非臨床研究操守委員會(2241-5267)。 
 
 
簽署 
本人 ____________________________ (參與者姓名) 
 
明白以上內容，並願意參與是項研究。 
 
            
參與者簽署                             日期 
 
同意書準備日期：二零一三年十一月五日 
研究倫理批文到期日：二零一四年四月三十日 
